The hydrothermal vent mussel Bathymodiolus puteoserpentis (Mytilidae) from the Mid-Atlantic Ridge hosts symbiotic sulfur-and methane-oxidizing bacteria in its gills. In this study, we investigated the activity and distribution of these two symbionts in juvenile mussels from the Logatchev hydrothermal vent field (14145 0 N Mid-Atlantic Ridge). Expression patterns of two key genes for chemosynthesis were examined: pmoA (encoding subunit A of the particulate methane monooxygenase) as an indicator for methanotrophy, and aprA (encoding the subunit A of the dissimilatory adenosine-5 0 -phosphosulfate reductase) as an indicator for thiotrophy. Using simultaneous fluorescence in situ hybridization (FISH) of rRNA and mRNA we observed highest mRNA FISH signals toward the ciliated epithelium where seawater enters the gills. The levels of mRNA expression differed between individual specimens collected in a single grab from the same sampling site, whereas no obvious differences in symbiont abundance or distribution were observed. We propose that the symbionts respond to the steep temporal and spatial gradients in methane, reduced sulfur compounds and oxygen by modifying gene transcription, whereas changes in symbiont abundance and distribution take much longer than regulation of mRNA expression and may only occur in response to long-term changes in vent fluid geochemistry.
Introduction
Bathymodiolin mussels (Bivalvia, Mytilidae) are found at hydrothermal vents and cold seeps around the world and harbor symbiotic bacteria in their gill tissues (DeChaine and Cavanaugh, 2006; Dubilier et al., 2008; Génio et al., 2008) . Two types of symbiotic bacteria are common in bathymodiolin mussels, chemoautotrophic sulfur oxidizers or thiotrophs that use reduced sulfur compounds as electron donors and use CO 2 as a carbon source, and methane oxidizers or methanotrophs that use methane both as an electron donor and as a source of carbon (DeChaine and Cavanaugh, 2006) . Bathymodiolus puteoserpentis dominates the biological communities at two hydrothermal vents on the northern Mid-Atlantic Ridge, Snake Pit and Logatchev (Maas et al., 1999; von Cosel et al., 1999; Gebruk et al., 2000) . Comparative 16S rRNA sequence analysis of the symbionts in B. puteoserpentis revealed that these hosts live in a dual symbiosis with two gammaproteobacterial phylotypes related to the thiotrophic and methanotrophic symbionts of other bathymodiolin species (DeChaine and Cavanaugh, 2006; Duperron et al., 2006) . Evidence for the use of methane as an energy source is based on 14 CH 4 oxidation experiments, immunodetection of methanol dehydrogenase (a key enzyme in the methylotrophic oxidation of C1 substrates), hexulose-phosphate synthase assays (key enzyme of the ribulose monophosphate cycle of formaldehyde assimilation), amplification of genes coding for key enzymes in the oxidation of methane (methane monooxygenase (pmoA) and methanol dehydrogenyase (mxaF); Robinson et al., 1998; Pimenov et al., 2002) and d
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C data (Southward et al., 2001) . In contrast, evidence for thiotrophy in B. puteoserpentis is inconclusive. Neither sulfide nor thiosulfate stimulated 14 CO 2 fixation in the gill symbionts, and enzyme assays of the key enzyme for the assimilation of CO 2 via the Calvin cycle (RubisCO-ribulose 1,5-bisphosphate carboxylase/oxygenase) were either negative or showed only low activities in two independent studies (Robinson et al., 1998; Pimenov et al., 2002) . However, immunoblot analyses indicated the presence of RubisCO in B. puteoserpentis gill tissues (Robinson et al., 1998) suggesting that an autotrophic mode of nutrition is present beside methanotrophy.
One of the long-standing goals of environmental microbiology is to link the identity of individual organisms to their activity and biogeochemical impact. For identification, fluorescence in situ hybridization (FISH) with rRNA-targeted probes is routinely used (Amann and Fuchs, 2008) . Analyzing the expression of functional genes that are diagnostic for a given metabolic pathway is an excellent tool for investigating the activity and physiology of an organism. In situ hybridization of mRNA sequences is a common technique for visualizing gene expression in eukaryotic cells and tissues, but has not been often used in studies on bacteria or archaea. Pernthaler and Amann (2004) developed a method for simultaneous FISH of rRNA and mRNA, using aerobic methane-oxidizing bacteria and a gene involved in methane oxidation (pmoA) as a model system.
In this study, our goal was to link the phylogenetic identity of the two symbionts in B. puteoserpentis with their metabolic ability to oxidize methane and reduced sulfur compounds using simultaneous FISH of rRNA and mRNA. To better understand how small-scale variability in environmental gradients affects symbiont abundance, distribution and activity within a single individual and between individuals, we analyzed eight B. puteoserpentis mussels collected from a single site with a net of 20 cm diameter at the Logatchev hydrothermal vent field (Gebruk et al., 2000; Petersen et al., 2009) . At Logatchev, methane and sulfide are present at low millimolar concentrations in high-temperature fluids exiting black smokers (Douville et al., 2002; Schmidt et al., 2007) and at low micrometer concentrations in low-temperature diffuse fluids in the mussel beds (Schmidt et al., 2007; Perner et al., 2010) . As a diagnostic marker for methanotrophy we used the pmoA gene, which is commonly used to characterize aerobic methane-oxidizing bacteria (McDonald and Murrell, 1997; Jensen et al., 2000) .
The pmoA gene codes for the subunit A of particulate methane monoxygenase and the enzyme catalyzes the oxidation of methane to methanol in all aerobic methanotrophs . As a marker for thiotrophy we used the aprA gene, one of the key genes used to characterize chemoautotrophic sulfur-oxidizing bacteria Meyer and Kuever, 2007) . The aprA gene codes for the subunit A of the dissimilatory adenosine-5 0 -phosphosulfate (APS) reductase (Hipp et al., 1997) . In sulfur-oxidizing bacteria, APS reductase catalyzes the oxidation of sulfite and adenosine monophosphate to adenosine phosphosulfate (Sánchez et al., 2001 ).
Materials and methods

Sample collection and preparation
Using a net of 20 cm diameter, one single batch of mussels was collected from an overgrown sulfide structure by the ROV Quest (Marum, University of Bremen, Bremen, Germany) during the Hydromar I cruise (RV Meteor (M60/3), February 2004) at the Logatchev hydrothermal vent field on the MidAtlantic Ridge (IRINA II, 14145.17 0 N, 44158.75 0 W ( ± 10 m), 3035 m depth). Upon recovery mussels were immediately transferred into chilled bottom seawater. Eight juvenile B. puteoserpentis (for size see Table 1 ) were picked from the mussel clump 14-16 h after sampling and fixed whole in 2% (weight/volume (w/v)) paraformaldehyde in 1 Â phosphate buffered saline (PBS, pH 7.6, 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 ) for B10 h at 4 1C. Specimens were washed three times in 1 Â PBS and placed into 50% (v/v) ethanol in 1 Â PBS and stored for 8 weeks at 4 1C. Specimens were then dehydrated in 70% (v/v) ethanol and in 96% (v/v) ethanol for 1 day at 4 1C, respectively, and stored in 96% (v/v) ethanol at À20 1C for 1 week.
To permit observations of symbiont distribution and activity in B. puteoserpentis without altering the original positions of the mussel's organs (for example, gills, foot and visceral mass), the fixed mussels were embedded whole with their shells in wax and their shells dissolved subsequently through acid washing. The decalcification of embedded calcified tissue (for example, bones) with acids is a routine procedure in developmental biology for Differential expression of aprA and pmoA A Wendeberg et al subsequent in situ hybridization of mRNAs (Shibata et al., 2000) , and the soft tissues remain protected from the acid by the embedding medium. For embedding in Steedman's wax (Steedman, 1957) , a small slit was cut into the ventral side of B. puteoserpentis shells, and the mussels were placed in 96% ethanol for 1 h at room temperature (RT), and in mixtures of 1 part wax and 2 parts ethanol, 1 part wax and 1 part ethanol, and 2 parts wax and 1 part ethanol, at 37 1C for 1 h each. Mussels were placed in pure wax at 37 1C for 1 h and left overnight in fresh wax at 37 1C, followed by another change of wax the next day. The wax was left to harden at RT for 3-4 h and then peeled off the mussel shells with a scalpel. The shells were rubbed clean with a tissue and placed into 2 M HCl for 30-60 min (depending on the size of the specimen) to remove the shell. The decalcified mussels were placed into a plastic mold filled with liquid wax and the block was left to harden at RT for 3-4 h or overnight. The blocks with the whole mussels were cut with a microtome into 10-mm-thick sequential frontal plane sections that were mounted on SuperfrostPlus slides (Menzel, Braunschweig, Germany). Sections were allowed to air dry over night and stored at À20 1C.
Half of the block with juvenile 1 (Table 1) was lost during sectioning so that only a few sections were available for hybridizations of rRNA and mRNA, thus a full analysis of gene expression patterns or symbiont distribution over the whole gill as in all other seven specimens was not possible for this individual.
FISH of rRNA
Slides were placed in a glass tray and dewaxed in three successive baths of absolute ethanol for 5 min each. Sections were air dried and encircled with a rubber pen (Pap Pen, Kisker Biotechnology, Steinfurt, Germany). For rehydration, slides were placed in 70% ethanol for 5 min. Hybridization with the general eubacterial probe (EUB338) and symbiont-specific probes targeting either the chemolithoautotrophic sulfur-oxidizing symbiont or the methane-oxidizing symbiont was carried out as described previously (Duperron et al., 2006) .
FISH of mRNA
Details of amplification and sequencing of pmoA and aprA genes, mRNA probe synthesis and controls for mRNA FISH are provided in the Supplementary material. Hybridization of mRNA was performed as described previously (Pernthaler and Amann, 2004) with some modifications in the permeabilization procedure. Sections were dewaxed and rehydrated as described above and carbethoxylated in freshly prepared 0.1% (v/v) diethylpyrocarbonate in 1 Â PBS for 12 min at RT. Slides were washed for 1 min each in 1 Â PBS and MilliQ water (Millipore, Eschborn, Germany). For cell permeabilization and unmasking of mRNA, slides were placed into a glass container filled with 200 ml of 10 mM Na-citrate, pH 6.0. This container was placed into another glass container, filled with 350 ml of tap water and heated in a microwave oven (800 W) on a rotating platform for 4 min. The hot tap water was replaced by fresh tap water before microwaving for another 4 min, during which the Na-citrate was allowed to boil for the last minute. After microwaving, the slides were kept in the hot buffer for 10 min and then placed into MilliQ water. Excess liquid was removed, and hybridization buffer pipetted onto the wet sections. The hybridization buffer consisted of 50% (v/v) formamide, 2 Â saline sodium citrate buffer (SSC, 30 mM sodium citrate, 0.3 M sodium chloride), 10% (w/v) dextran sulfate, 1% (w/v) blocking reagent (Boehringer, Mannheim, Germany), 1 Â Denhard's solution (Sigma, Taufkirchen, Germany), 0.2 mg ml À1 yeast RNA (Ambion, Huntington, UK), 0.2 mg ml À1 sheared salmon sperm DNA (Ambion) containing anti-sense probes for aprA, pmoA mRNA or the respective control probes (final concentration 0.25 ng ml À1 ). No prehybridization was performed. Hybridizations were carried out at 58 1C for 12-18 h. For stringent washing, slides were placed into 50% (v/v) formamide, 1 Â SSC for 1 h at 58 1C, followed by a 30 min wash in 0.2 Â SSC, 0.01% (w/v) sodium dodecyl sulfate at 58 1C. Slides were blocked in 1 Â PBS, 0.5% blocking reagent for 30 min at RT and incubated with an anti-fluorescein-horseradish peroxidase antibody (anti-FLUOS-HRP, Fab fragments, Roche Diagnostics, Mannheim, Germany (0.75 U ml À1 )), in 1 Â PBS, 1% (w/v) blocking reagent for 1.5-2 h at RT. Unbound antibody was removed by three washes in 1 Â PBS for 10 min each. The antibody was detected by incubation in Alexa 488 -labeled tyramide (0.125 mg ml À1 ) in amplification buffer (1 Â PBS, pH 7.6, 0.1% (w/v) blocking reagent, 10% (w/v) dextran sulfate, 2 M NaCl, and freshly added 0.0015% (v/v) H 2 O 2 ) for 5 min at 37 1C. Piodophenylboronic acid was added to the tyramide solution (20 mg P-iodophenylboronic acid per 1 mg tyramide, in dimethylformamide) to further enhance catalyzed reporter deposition (Bobrow et al., 2002) . The tyramide was custom labeled as described previously (Pernthaler and Amann, 2004) . Slides were washed in PBS for 3 min, and three times with MilliQ water for 1 min each, dehydrated with 50% ethanol and absolute ethanol, respectively, and air dried. For subsequent rRNA FISH, probes targeting either the sulfur-oxidizing symbiont or the methaneoxidizing symbiont, were used as described previously (Duperron et al., 2006) .
Microscopic evaluation
Tissue sections were covered in 4 0 -6-diamidino-2-phenylindole -amended mountant (nine parts Citifluor (Leicester, UK), one part 1 Â PBS, 1 mg/ml 4 0 -6-diamidino-2-phenylindole) and evaluated on a 0 -6-diamidino-2-phenylindole fluorescence, and Â 10, Â 40 and Â 100 Plan Apochromat objectives, and a Axiocam black-andwhite camera. The density of symbionts as well as the intensity of pmoA and aprA mRNA FISH signals was determined by eye. Eight individuals were examined and, with the exception of juvenile 1 (see above), 10-20 slides per specimen were evaluated for symbiont distribution and 5-10 slides per specimen for mRNA FISH with three sections per slide for the two smallest specimens and up to six sections for bigger specimens. Images of mRNA and rRNA triple hybridizations were taken with a confocal laser scanning microscope (LSM510, Zeiss, Gö ttingen, Germany) equipped with helium-neon lasers (633 nm, 543 nm) and an Argon laser (488 nm).
Results and discussion
Distribution of symbionts within the host All investigated specimens harbored both symbionts in their gill bacteriocytes, the symbiont bearing host cells (Table 1) . No obvious variations in the relative abundance of the two symbionts (as determined by eye) were observed between individuals (Supplementary Figure S1) . Bacteriocytes adjacent to the ciliated epithelium were often more densely packed with symbionts than bacteriocytes elsewhere in the gill (Figures 1a-e, Supplementary  Figures S1 and S2 ).
Expression of pmoA and aprA in gill tissues
The expression of pmoA and aprA was investigated in the gill tissues of eight juvenile B. puteoserpentis specimens using simultaneous 16S rRNA and mRNA FISH. The pmoA mRNA was only detected in the methanotrophic symbionts, indicating at the level of single-cell gene expression that these symbionts were actively oxidizing methane. This extends earlier studies (Pimenov et al., 2002) in which the pmoA gene was amplified from the total DNA extract of B. puteoserpentis, and is consistent with evidence for methanotrophy using pmoA mRNA FISH in the closely related symbiont of Bathymodiolus azoricus mussels from the Rainbow hydrothermal vent field (Pernthaler and Amann, 2004) .
The aprA mRNA was only detected in the chemoautotrophic symbionts (Figures 1c and d , Supplementary Figure S3) indicating that reduced sulfur compounds are utilized by the chemoautotrophic symbionts of B. puteoserpentis. This is the first direct evidence for thiotrophy in B. puteoserpentis symbionts as previous studies were not able to detect the thiotrophic activity in this host species (Robinson et al., 1998; Pimenov et al., 2002) . Our results are consistent with evidence for thiotrophy in the closely related symbiont of B. azoricus mussels from more northern hydrothermal vents on the Mid-Altantic Ridge (Fiala-Medioni et al., 2002) .
We detected pmoA mRNA in the gills of seven out of eight specimens (Table 1) . Signal intensities of mRNA FISH (as determined by eye) were similar in both gills of each individual and weakened from posterior to anterior (Figure 1e ). Strong pmoA mRNA FISH signals were detected in four mussels (juveniles 1, 2, 6 and 7) whereas the signals in three other individuals were comparatively weaker (juveniles 3, 4 and 8), and lacking altogether in one individual (juvenile 5). Juveniles 6 and 7 with strong pmoA mRNA FISH signals also showed aprA mRNA Figure S1 , Table 1 ). In individuals that showed strong aprA or pmoA expression, the signals for both genes were strongest close to the ciliated gill epithelia at the frontal (outer) edges of the infrabranchial chamber (the body cavity ventral to the gills; Figure 2a were only found in methanotrophs close to the suprabranchial chamber (the body cavity dorsal to the gills; Figure 2b , Table 1 ).
High stability of pmoA mRNA Analyses of mRNA expression in deep-sea organisms are hampered by the fact that specimens are taken from their environment hours before they can be fixed on board, whereas the half-life of mRNAs can be as short as a fraction of a minute (Deana and Belasco, 2005) . However, not all mRNAs are highly instable. Many have a half-life of several hours, for example, amoA mRNA, coding for ammonia monooxygenase; (Sayavedra-Soto et al., 1996) . In general, bacterial mRNAs that are actively translated are very stable in comparison with their non-translated counterparts (Deana and Belasco, 2005) . PmoA mRNA can be readily isolated from soil (Chen et al., 2008) , even after storage at 4 1C for several days (JC Murrell, personal communication), indicating a high stability of pmoA transcripts. In our study, despite the delay of 14-16 h between sampling of B. puteoserpentis mussels at 3000 m water depth and their fixation on board, we were able to detect strong pmoA mRNA FISH signals, suggesting that the half life of this mRNA is in the range of hours to possibly days.
Low aprA expression levels The lack of detectable aprA expression in the majority of the sampled mussels is surprising, if one assumes that the high density and strong rRNA FISH signals of the thiotrophic symbionts observed in all B. puteoserpentis individuals reflects a sufficient supply with reduced sulfur compounds, at least over longer time periods. However, shortterm differences in the delivery of reduced sulfur compounds could be one explanation for the weak expression of aprA. Alternative explanations are that (1) aprA mRNA is degraded faster than pmoA mRNA, (2) the sensitivity of the aprA probe was lower than that of the pmoA probe, or (3) the turnover rates of APS reductase are low, causing low levels of mRNA. Furthermore, it is possible that APS reductase is not the main enzyme used by the thiotrophic symbionts for oxidizing sulfite, but that alternative pathways for dissimilatory sulfite oxidation are predominantly used (Sánchez et al., 2001; Scott et al., 2006; Kappler et al., 2008) . For example, the genes of the sulfur oxidation system could be used alternatively. Sulfur oxidation system genes (as well as aprA genes) have been found in the genomes of gammaproteobacterial thiotrophic symbionts from other hosts such as gutless oligochaetes, vesicomyid clams and hydrothermal vent tubeworms (Woyke et al., 2006; Kuwahara et al., 2007; Meyer and Kuever, 2007; Newton et al., 2007; Robidart et al., 2008) . Finally, reduced sulfur compounds may not be the only energy source for the thiotrophic symbionts. Free-living sulfur-oxidizing bacteria can also use other energy sources beside reduced sulfur compounds, such as hydrogen (Drobner et al., 1990; Ohmura et al., 2002; Beller et al., 2006; Scott et al., 2006) , which is present at high concentrations in the vent fluids at Logatchev (Schmidt et al., 2007) . There is no published data on the genomes of bathymodiolin symbionts, but sequencing of the genomes of Bathymodiolus sp symbionts from the southern Mid-Atlantic Ridge is now in progress. Preliminary analyses show that the genes for both pathways of dissimilatory sulfite oxidation (aprABC and sulfur oxidation system genes) as well as the genes for hydrogen oxidation (hupSL) are present in the thiotrophic symbionts of these vent mussels (Dubilier et al., unpublished data) .
Expression patterns and delivery of oxygen, methane and sulfide Bathymodiolin mussels do not contain binding proteins to deliver methane, sulfide and oxygen dissolved in the diffuse vent fluids and surrounding seawater to their symbionts (Childress and Fisher, 1992) . Therefore, the flow of water along the mussel gills, as well as advection and diffusion are critical for the transport of reductants and oxidants to their symbionts. Nothing is currently known about the water flow along the gills of deep-water bivalves. In shallow-water mussels, seawater is pumped through the inhalent siphon along the ventral parts of the gill from posterior to anterior, and then returns from anterior to posterior along the dorsal part of the gill and exits through the exhalent siphon ( Figure 2c ). In more detail, when the water first enters through the inhalent siphon, it flows Differential expression of aprA and pmoA A Wendeberg et al along the ventral edge of the gill from posterior to anterior with part of the water flowing from dorsal to ventral along the ciliated frontal surfaces of the infrabranchial chamber and part of the water flowing laterally through the gills from the frontal to the abfrontal regions (Figure 2c ). The seawater leaves the mussels through the dorsal suprabranchial chamber in anterior-posterior direction, and is pumped out through the exhalent siphon (Beninger et al., 1997) .
In deep-sea bathymodiolin mussels, the symbiontcontaining gills are enlarged and take up more space in the mantle cavity (the chamber between the shell and the soft-tissue parts of the mussel) than the gills of shallow water mytilids. It is likely, however, given the general conformity of gill and siphon morphology in all mytilids that the water flow patterns in B. puteoserpentis are similar to those of shallow-water mussels. We therefore assume that the incoming water, which is enriched in reductants and oxidants, first flows in the infrabranchial chamber along the frontal edges of the ventral gill surfaces from posterior to anterior. This corresponds well with our observations of mRNA expression patterns in individuals with high levels of pmoA and aprA expression: These were highest for both genes in symbionts close to the ciliated frontal surfaces at the posterior ends of the infrabranchial chamber with a clear decrease in signal intensities toward the anterior gill ends (Figures 1e and 2a) . In symbionts more distant from the frontal surface, mRNA expression levels were lower, indicating that these receive less methane, sulfide and oxygen because of their consumption by the symbionts in the frontal regions of the gill (Figures 1a,b, 2a and Supplementary Figure S3) . FISH mRNA signals were also strong in the suprabranchial chamber of individuals with overall high mRNA expression levels ( Figure 2a ). Residual components of the posterior-anterior and the ventral-dorsal flows most probably merge and exit with the exhalent flow in the suprabranchial chamber. As these reversal flow components do not pass through the symbiontcontaining gill filaments, they may still contain considerable concentrations of reductants and oxidants.
In individuals with overall low mRNA expression levels it is not clear why pmoA FISH signals were only found in symbionts close to the suprabranchial chamber (Figure 2b ). It is possible that differences in mRNA degradation rates in response to individual stress levels in specimens before their fixation influenced the levels of residual mRNA.
Conclusions
The abundance and distribution of both the sulfur-and methane-oxidizing symbionts was not noticeably different in all eight mussel individuals.
In contrast, mRNA expresssion levels varied markedly despite the collection of all eight mussels in one grab from a single sampling site. These large differences in transcriptional activity may reflect the conditions under which mussels live at hydrothermal vents. Gradients in vent fluids can be very steep and change rapidly (Fisher et al., 1987 Johnson et al., 1988a, b; Le Bris et al., 2006) . It would therefore be energetically favorable for the symbionts to respond to these short-term variations in substrate availability with changes in transcriptional activity that can provide adaptations within a short time. In contrast, changes in symbiont abundance involve interactions between the symbiont and the host that can take days to weeks (Kadar et al., 2005; Riou et al., 2008) , and would therefore only be energetically favorable after longterm changes in vent geochemistry. For future studies, we are developing in situ instruments that will allow the fixation of mussels in the deep-sea and provide a more detailed understanding of how symbiont abundance, distribution and activity are influenced by spatial and temporal gradients in vent geochemistry.
